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IIWGUENCE OF REFRACTION ON THE @?LICABJLITY OF THE ZEHNDER-MACH

INEKFEROMETER TO STUDIES OF COOLED BOUNDARY LAYERS

By Martin R. KiLnsler
N

F
SUMMARY

.

In order to determine the applicability of the Zehnder-Mach inter-
fqometer to two-dimensional cooled-boundary-lay- studies, an analyti-
cal investigationwas conducted. It was found that for low wall to
free-stream temperature ratios, the effects of light refraction may
cause considerable error in the boundary-layer density profiles cal-
culated from interfero~am measurements if these effects are not taken
into account and that it is impossible to observe the boundary layer’
very close to the cooled wald..

This report therefore.conthinsa discussion of the magnitude of
the refraction effects that may be expected ad acts as a guide in the
design of two-dimensional test sections for the study of cooled boundary
layers by the interf=ometiic method.

9 Equations are derived and used to compute the trajectories of ligh%
rays through particular boundary layers as we12 as the approximate cor-
rections that must be ap@ied to the boundary-layer density values to
take into account the effects of refraction. The computations were made
for a range of conditions that is mainly of imk?est in turbine-blade ~
cooldng studies. Iaminar and turbulent boun~ layers that have a
free-stream Mach nmiber of 1.0, no pressure gradients in the flq
direction, and wall to free-stream temperature ratios from approxi-i
mately 0.33 to 0.9 were considered.

INTRODUCTION

In order to predict the heat-timsfer to cooled surfaces in hot-
gas streams, local heat-transfer coefficients must be estimated.
Local heat-transfer coefficients can be obtained from interfero~ams of
the boundary layer about two-dimensional bodies in a free-convection

. flow by determin@ the temperature @a&Lent at the surface of these
bodies (reference 1). For forced convection of hot gases, the boundary
layers are usually very thin and the temperature gadients through the
boundary layer are very Wgej light rays passing throu@ the boundary
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laym wi.~ th=efore be refracted considerably. Heat transfer is deter-
mined by the region in the boundary layer that is very close to the “
surface. When the boundary layer is cooled, LLght is refracted toward
the surface so that the part of the houn&my layer nearest the surface
cannot be obs-ed. Even though it is expected that temperature gradi-
ents at the ya~ cannot be obtained in this case, the prediction of
heat-transfer coefficients can be greatly facilitated by a lnmwledge of
flow conditions, such as, how.and when transition to turbulence and.
separation occur in the boundary layer.

Corrections for the effects of the refraction that are necessary
to obtain the true density or tempaature. profile of a two-dimensional
boundsry layer from interfero~ams are discussed in reference 2. In a
talk on the accuracy of gas-flow titerferometry given at the March 5,
1948 meeting of the Optical Society of America, 1?.Joachim Weyl MS- ‘
cussed the effects of Mght refraction on the design of two-dimensional
supersonic wind tunne~. Howem, the case in which light rays are
bent into the surface was not discussed in either of these references.
It is desired to detwmine the flow conditions and test-section design
for which the effects of re&action must be considered and to determine
what can be done to min3mize these effects.

The tivestigation reported herein, which was conducted at the NACA .

Lewis laboratory, wi~ aid in the estimation of the order of magnitude
of the refraction effects that can be expected in an interferometric
investigation of two-dimensionalboundary layers similar to those

.

encountered in the flow over cooled turbine blades. Numerical results
are obtained for flow in laninar and lnmbulent boundary layers on a

Q

flat plate at a free-stresm Mach nmikr of 1.0 and at wall to free-
stream temperature ratios from approximately 0.33 to 0.9.

METHOD OF ANALYSIS

The interferometer is best suited to two-dimensional studies~
therefore, the boundary layer @sting on a cooled model contained in
a rectangular channel wild.be considered. It is assumed that the model <
spans the distance between two glass wam and has its stagnation point
at some point downstream of the entrance to the channel.

It is also assumed that various conditions of pressure, gas veloc-
ity, and temperature cam be attained at any point in the channel. The
boundary layer to be investigated is initially laminar and then transi-
tion to turbulence takes place. According to reference 3, transition
can transport itself laterally across the channel by the mechanism of
transverse contamination. In such a case, the transition region i~
V-shaped. The gl&ss-wall boundary la= and the boundary layer on the
model surface intersect at the corners of the channel as shown in

a
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figure 1, which is a schematic diagram describing the path a light ray
. would take when passing through a boundary layer formed in a “two-

Mmensional” test section duripg forced-convection flow over a cooled “
surface. The free-convection boundary layers on the outside of the
channel due to the temperature differences between the glass wall and
outside air, the nonuniform temperature distribution in the glass walls
due to heat flow to the cooled model, and the inside-wall.boundsry
layers as well as the boundary layer under investigation tifect the
trajectory of a light ray passing through the channel. In this investi-
gation, it is assumed that the outside free convection has been effec-
tively eliminated and that the density ~adients in the glass walJE and
glass-wall boundary layers are para~el to the ray entering the glass
wall. A diagram of a test-section design that is expected to allow the
previous assumptions to be approximately satisfied.is presented in fig-
ure 2. The cooled body is removed from the glass wall in order to
reduce the local thermal variation of the index of refraction in the
glass wall and to prevent the intersection of the boundary layers at the
corners of the channel. 5e effect of the gap size between the model
and the glass on the apparent thickening of the boundary layer has not
been investigated, but it is known that removing the cooled body from
the window considerably reduces the thermal distortion of the glass.
The evacuated chsmbms on the sides of the channel allow thin glass to
be used in the channel wall when the air flow in the channel is at low
pressure and e13minate much of,the free convection on the outside of
the channel. The evacuated qhanbers require that glass be inserted in
the reference path of the interferometer to compensate for the thick
glass on the chaders.

..

.

The two effects of refraction that will cause difficulties in
evaluating interferogrms are: (1) The lower light rays are bent into
the surface and therefme will not appear at all on sm iderferogr~j
(2) Because a light ray >asses through regions of varytng density, a
fringe shift appearing on = interferometer screen indicates a value of
the density integrated on a curved light-ray path through theboundsry
layer. .

The-first effect is investigatedby obtaiming an expression for the
trajectories of light rays through various laminar and turbulent bound-
ary layers. This expression is presented in a dimensionless form that
avoids numerical calculations iuvolving various Reynolds numbers, free-
stream densities, light sources of different wavelengths, and distances
back from the stagnation point. The form of the expression is such
that numerical representations of boundary-layer temperature profiles
may be readily substituted.

All symbols are defined in appendix A) the equation of the trajec-
tory of a ray is given in appendix B as:

——. - ...--. . _.–.. .—._-. ——._. . -—. . .. .—— ——.—...—— . . ——_____
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Rem
q=Ky

and

The height parameter q is essentiafi

Y

(1)

(g2(# .
the ratio of the distance from

“

the surface y to the boundary-byer thickness 5. In the expression
for the paramet= q it is assumed that the boundary-layer thichess
is proportional to some power of x. This kind of behavior is quite
often found in lsm3nar and tibulent boundary layers.

The second effect can be estimated by considering that a light ray
entering the channel at position Y1 (see fig. 3) appears to traverse .

the channel at a height ya and tidicates a dmity pa on an ~ter-

fero@am. The second effect can therefae be described by the ratios

Pa/Pi ~d YJY1* The ray that passes through a point at a height y -

in the test section, reaches an image point on the interferometer ‘
screen. The point at a height ya, or position A b the object planej

corresponds to this image point. In appendix B it is shown that

\

whine

The equation used
effects are small

3+= (L1/z) e
K(kpb) Rem(L’/x)

to evaluate
is

.
interf=o~ams wh&e the refraction

By substituting

n.kp+l

(2)

(3)

(4) ~

—.
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for the index of refraction ~ in equation (3) an expression for the
quantity pa canbe found. The value of the fringe shift S at the

image point which corresponds to ya in the object plane is tobe si.ib-.

stituted in the equation in order to obtain pa. In appendix”B, the

optical-path length SA is also obtaimed
that takes into account the refraction of
equations for SA are cotiined

by an integration procedure ,
the light ray. When both

(5)

,

where the terms on the right side of the equation are, respectively,
the contributions to pa/pi due to the boundary layers on the glass

walls inside the test section, the refraction of a ray throygh the
boundary layer under investi&tion, and the contribution due to the
optical path from a point at the inside of the exit window to the image
plane (reference 2). The three contributionswere found to be

Q

Pa =2rl~f—— (6)
F-f rfL

where rf is
wall.boundary

(!J2 “
an avmage value of
layer.

NUMERICAL

the temperature

CALCULATIONS

(8)

ratio in the glass- -

the applicability of the precedingIt is destied to demonstrate
analysis in estimating the magnttude of-~he refraction effects that-are
encountered in an int~erometric tivestigation of laminar ~ turbu-
lent boundary laye%s similar to those encountered on cooled turbine
blades and in designng a test section that will be useful in obtaining
heat-transfer information from interferograms of the boundary layer.

The numerical calculations described in this section are for flow
over a flat plate at a free-sla?eamMach numb= of 1.0. However, it is

1

.

#
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possible to use the method presented for flows in which there are pres-
sure gradients present and that have Mach numbers other th&n 1.0. It
is not the purpose of this report to describe the ,effectsof light
refraction for all free-stream“conditionsthat may be encounteredbut
ratha to show general trends that may be expected.

Temperature Profiles

The theoretical temperature profile over a flat plate for a com-
pletely laminar boundary layer, as obtained frcm reference 4 and from
additional information supplied to the NACA by Dr. Crocco, is presented
in figure 4(a). The ratio of the absolute static temperature in the
boundary kyer to the absolute free-stream static temperature is
plotted against the usual psrameter q. The property values assumed in
obtaining the boundary-layer temperature profiles are for air and are
assumed to vary as a power function of the temperature. The functions
used for the Viscosity-temperattieand specific heat-temperaturerela-

T 0.75
tions are ~ =

()~
and ~= & 001’, respectively. The

h Cp,b 0
Prandtl number is equal to 0.725. For laminar boundary layers, the
exponent of the Reynolds nwiber is m = O.5 and K = 1 in the
expression for q.

In order to obtaim a correspond@ plot for the turbulent boundary
layer, the similarity that exists at Fr = 1 between the velocity
field and the field of total tqeratme drop (reference 5) is used to
obtain an expression for r in terms of q.

u T’ -T~~
—=
u ‘T’a - Tw

By substituting

and

for the total
shown that

T’ =
(

Tl+T~ M2)

(9)

(lo)

,M= ~;$ (U)

temperature and Mach nmiber in equation (9) it can be

(ti)

“

.

— —. —
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In the turbulent region of
profile is approdmatedby

Measured velocity profiles

the turbulent
a powm law

u ~ l/N
—=

()U5

for low stisonic

7

boundary layer the velocity

of N can be taken as seven. In reference
f low show that
6, it is shuwn

boundary layer thickness is 5 =
0.376

p
x if the 1/7 power

Rem
Then q=~=K= y where K= 2.66, snd m= 0.2.

In the laminar‘aiblayer,it is assumed that

T-q u

q=q=n

and in reference 6 .

Ys 191—n—
6 Reo .7

for a turbulent boundary layer followimz

(M)

the value
that the

law is used.

(14)

(M’)

the 1/7 power law. llrom
equations (12), (14), and (15), it can be sh~ that

r . constant ~ + rl~ (16)

in the lsminar stilaya. The temperature ratio for the lsmtnar sti-
la.yerad the turbulent region are ~lotted in figure 4(b) for a Mach
nmber of 1.0. For the laminar sublayer the Reynolds number was chosen
at 5X105 in order to obtain the constant in equation (16). The turbu-
lent portion of the profiles described by equation (12) is independent
of Reynolds nuniberas long as the 1/7 power law is valid.

Light-Ray ~ajectories

The possibility of calculating trajectories of light rays through
the boundary layer is offered by equation (1). In figure 5, the ldght
paths through the three laminar ahd the three turbulent boundary layers
shown in figures’4 and 5 are described. The right side of e~tion (I)
was evaluated by means of Simpson’s rule. The slope of the curwes in
figures 6 and 7 depend only upon the parameters q and rw as shown
in equation (1). Therefore, for any value of ~ all curves for the
same parameter rl~ have the same slope. This fact is helpful
in interpolating values between the curves.

. . . ...— . .._. _ .-— --— . .—-— ——— —.. .-— —



Deterdnation

NAOA TN 2462 “

of YJY1

15xmlequation (2), YJY1 is ~~~ aga-t Ez f~ -o~

values of rw and ql in figwe 6.’ It is assumed @at the object

@lane conesyonds to the center plane @ the channel, that is,
e~=l=c.

.

Deterndnation of Pa/PI

.

h eatkte af the quantity pa/pi fa the prescribed boundary

lams may Ikemade from figqres 7 to 9. In figure 7, (Pa/PJ f is

plotted agains~ ~f/L fur various values of the quotient r~rf.

-Plo*sd (PJP1) 1.2 %@@ E2 f~ -i- -~to-s~- teW=a-

tme ratios and values of ql =e ~es~t~ ~ fiwe 8* ~ ~al*-
tions fm these plots were made by asmmbgl in equation (7), that the
glms -wall boundary layer is negMgible, that is, 5f/L = O. For

values of 5f/L >0 the ratio, (P~Pl) 141 should be multiplied by
~f

(4
1-2 L . The values Qf (pa/pi)la y, are limited because the rays are .

bent into the surface.

In figure 9, (PJP1) fi -“ pmta against g~ for various tem-

~erature ratios and VaMes of Tn. The chdect plane was assumed to
correspond to the plane containing the cent= plane of the test section.

A Numerical Example

It is d&red to desi~ a channel that cau be used to obtain
@cal heat-tiansf= coefficients m a flat surface by means of the
Zehnder-Mach.iderf=ometer fm a given air tempawdmre, wal&to-
stream temp&rature ratio, Reynolds mmber, and Mach nmiber of the order
of magnitude of 1*O. W design ~rocedure consists of assuming various
values of the pressure and tempemture of the air b the test section
and then detezmhibg if reasomible values of the fringe shift across

the boundary lay=, the ratio ~, and the ratio
9

PJP1 f
are

Pa PI
\

obtatied. The effects of refraction tkat can be expected fcm a par-
ticular design must be es%+mated%efme these calculations may be made.

In mkr to obtain the local heat-transfer codficient Mrectly
from the fringe shifts cm m interferogram, it is necesmry to calculate .

. ..— — .-
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the boundary-layer temperature gradient at the wall. However, all Light
rays sze bent toward the surface and it will not be possible to view the
boundary layer near the wall. For this reason, it is assumed sufficied
to obtain the t~erature profile up to the point at which the tempma.
ture gradiemt is 0.9 of the fgadient at the wall in the laminar boundary
layer and up to a value of y/b = 0.01 in the turbulent boundary layer.
The profile shapes shown in figure 4 were wed to determine the corre-
sponding value of q in the presat evaluation. In addition, it has
been found.that it ib very &fficulk to nbtain the tenqerature profile
fa points that are very close to the wall. The boundary-layer thick-
ness is therd?we mde large,ennugh SQ that the portion of the boundary
l@yer which vanishes is at least 0.004 inch.

Because it is desired to keep the glass-wall boundary layer thin
it would be helpful to so design the rectang@ar channel that the

-h of the mlJ- con~~ We glass is as _ aa possible. mm

design is accoqlished by us~ one wall of the channel as the test
surface, which is considered to be -cooledover its entire length.

M at 70° F is assumed to flow through the channel at a maximum
Reynolds number of 5X105. The pressure in the @annel is maintained
constant at about 26 inches ti Hcury vacuum A test-section design
is obtained fm three wall-to-stream t.q=ature ratios for both laminar
and turbulent boundary lEy133?S, The 13ght somce fi the interf~er

is a filtered mercury arc laq giving off only the ~een line which haa
a wave length of 5461 angstrom units.

The results d the calculations are ~res,mted in table I. M
column 1 of this table, boundary lqers having three differed wall-to-
btream temperature ratios each are selected. In column 2, the m~um
values for the distance back from the s.tagndion petit are obtained by
mibstituting the lowest value of ql that is desired _ the relaticm

\
T

~ Rem= ~ y where Y is set eq,,l to 0.004 inch and the Reynolds

nti=isthemssdmum value, 5X105. The msximum values for the Span,
column 3, are -obtainedfram the value d ~2 from figures 5(a) and
5(b), which are plots of t&e trajectories of light rays through the
boundary lqyer; the maximum Reynolds numib.erja value af kpb corre-
spon&Lng to the green me from a mercury WC lampj a ~ressure of
26 inches of mercury vacuumj an air teqerature d 70° I?3and the
value x, ‘incolumn 1. The ratio z/Lt ia euual to 1.0 and the ~-
mum velocity, ti column 4, is .obtaine&at the
In Columq 5, values of e at Ya/?l = 1 are

related to c by the relation

cL/2 .-15f

. “=-

IAnllnn Reynolds nunib~.
presented; et is

.——. ——.._ ____ _____ - ..— ..—
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glass-wall boundary-layer tbiclmess found by assuming

layer to be nearly isothm and to have its s&gna-
sme IJoti as that for the cooled boundary layer.. . . .

The values M Pa/PI are found fim equations (5) to (8) where rf is J

assumed equal to 1 because the glass-wall %oundary layers are nearly
iSO~ and q is the value af r corre~m~ to ql. COl~ 6

gives the =ferences between the density at position one and the
a~ent density as compred with the densiw at position one. In
column 7, the fringe shift that will appesr on an titerferogsm between
the free stream and the waU is given. 5e equation for the fringe
W fxom the free stream to any yofit in the bmndsry layer is derived
from equations (3) and (4) and is

(17)

This quation is @otted h fi~e 10 fm the conditions d this problem
and fmaspanofl inch. A positive si~ fcm the fringe W indi-
cates that pa is greater - %. This fact is discussed in the

next section of this report. The ratios of the mia3mum distance x to
the maxhum span is given in column 8A In column 9, the ratios d? the
~ortions of PJP1 that result from the glass-wall.boundary layers to

the total p.Jpl are l-ist~.

DISCUSSION OF RE6UGC8
.

The Pticipal factor, oth= than the flow

.

conditims ) governing a ‘
test sectkm design is the -esidmateof how close to the wall the bound-
ary lam need be ~Medj that is, a minimum value of y/8 must be
chosen. In some molhg” ‘studies,it may only be necessary to deter-
mine whether a psz’titularportion of a boundary law is laminm or
Imbtient or whine s.ep=atiOn has _ P~e. ~es~ -s Qf fivesti-
gation should be nqarativel.y .s@le with the interferomet=. For
sane investigations, however, it is necessary to obtafi the temperature
gradient at the wall. Because the t+eratur? ratio is leSS than 1.0
and all rays are bent kwaxd the surface, ttie is a def@ite Mmit as
to how close to the surface the bmndaz’y layer.ma~ be investigated.
The restriction on the minimum value @ y/6, fti which it is desired
to obtafn the tq=ature in the boundary layer, also restricts the
boundmy-layer thickness 5 to some minimum value because there is a
~ value ~ y fm which the profile can be investigated.

M general, -e are four effects which limit tbe minimum y
value.

.

.

M

F

.

.

———
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(1) If at best; it is ~ossible to esthate to l/10 of a fkbge in.
determidmg the fringe shift, the mmiber of fringe shifts across the
boundary layer klmits the minhum y value that cm be investigated.

(2) Even with no flow over a smface a .sJightfringe shift is often
obtained close to the surface. This shift may be due to reflection of
light from the surface. It is conceivable that this reflection 13mits
the accuracy with which fringe shifts can be estimated close to a sur-

d
face as a result of interferencebetween the survey rays and the

3
N reflected rays.

(3) The effect of diffraction .oflight from the &ige of the model
results h diffraction fringes parallel to the model surface which
cause d$Rticulty in determining the inttierenee fringe shift.

(4) There is also some difficulty ti obtajfig the exact location
of the model surface on an titerferogam due to the ~evio.usly men-
tioned &lffraction effect; the intersection of fringes with the mrrface
therefore cause some error in the measured positions. All these effects
contribute to the gred difficulty encountered in obtdming the teqera-
ture ~rofile b the boundary layer very near to a model surface.

The ratio of the distance from the stagnation point x to the

w of a ~1 L iS m Mctiion of the feasibility of a cer-tati. test-section design. I’orlarge values d the ratio x/L, it can be
qected that end effects such as the glass-walIlboundary layer and
transverse contminstion, h the case of mminar boundary layers, till
be larg= and, accordingly, will influence the inierfmogam fringe
shMt to a considerable extent. It is clifficult to _evaluatethe
average density in these end-effect regions> therefure it is reasonable
to believe that it would be difficult to evaluate interferograms for
large values of x/L. This observation is illudzated in colunms 8 and
9 of table I. The contributionto pa/pi due to the glass-wall bmnd-

ary layers ticreases as the ratio x/L increases.

The value d 6, for y~yl = 1, vsxies but little from 0.8 for

the range of conditions Investigated [table 1, column 5).

An evaluation prdt!edurebased on the assmqtion that the refrac-
tion is small.would cause considerable error in the ~rofiles calculated
fram fringe shifts aa evidenced by column 6 of table I. The negative
fringe sbis?tin column 7 indicates that it would be possible to nhtain
a wall temp~ature greater than the free-stream temperature M a cor.

r~tion were not * for refraction. This result may be in error
. because terms of higher degree than the second in f3 were neglected.

● The results shown in column 7, however, still show that the #fects of
refraction Zncrea3e with decreasing tempemture ratio..

.— _ .———. —__ __ _____ . .
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2
For given values d q =

?)
~ K? (@fi) Re ~ , Re~olds ?n.mber, ..

@ gas t~-t~ej the val= @ x/L Cm decrease for de~-hg
~essure. Furthermore, fbr a cons%ant Reynolds numb= and gas tq~a-
tme, a very low ~essure is associated with a high velocity. These
conditions of low pressure, high velocity, and sma32 x/L are encoun-
taed in hypersonic ~-flow channels. However, wLth the very low
pressures encountered in high Mach mniber flow it can be expected that
small tiinge sh3fts will occur across the boundary layer.

The results of a pre13mhary investigation for the hypersonic range
indicate that the i3rkrferme_&ic method will not be useful as a means

Iof investigating lamdnar bmndary ~ers for teqeraure ratios near one
heca~e of the very small frh.ge shift across the boundary layer bti
will be useful for laminar layers with low wal-l-tops.$reamtemperature
ratios, In the case of‘turbubnt boundary lams, investigations in the
rsmge of temp~ature ratios near one are also ruled out because of
insufficient fringe sbMt across the bmndary lay- and the low wall-
to-stresm temp-ture ratio is ruled out because the effects of refrac-
tion are e~ected to make an accurati evaluation of the interferogram
impossmle .

CONCLUSIONS AND RECOMENDATIOES

A method has been yres-ted fcw esthating the effects of Mght
refraction in an intti=muetric investigation of twoAImensional
boundary -S .

~am plots af the trajdmries of 13ght rays through both lsmlnar
and turbulent boundary lsyers, fram calculdions of the error Involved
in not takbg into account refraction, and from the results of a mnner-
ical -lej it was found % the effects d refraction bee- more
pronounced as the wall-to-stream temp=ature ratio is decreasal.

The imk%aometric method is believed to be ~%ed as a method of
obtdning local.heat-trmsf er coefficients fm forced-convectionflow at
low wall-to-stream temperature ratios. The principal cause af the
limitation on the method is the large temperature gradient which causes
ram to be bent tito the stiace @ the model @ prevents the observa-
tion of that portion of the bundary lay= very close to the wall. ~
addition, surface reflection, diffraction, and uncertainty in locating
~the model surface on an interferggrsm 13mits measurements on izrb2r-
ferogsms very near the wall.

.

.

—
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It is believed that the taterf=ometer would be useful for investi-
gating lamimar boundary layers in hypersonic channels with low wall-to-
stream tmuperature ratios as well as low velocity flows with wall-to.
stream temperature ratios near one.

Removal of the cooled mdel from the glass wall would reduce or
eliminate the apparent thickening on interferograms owing to the
intersection of the model boundary lap aud the glaas-wall boundary
lay=s at the concave corners of a channel and reduce nr elimimte the
th-&rmaldistortion of the glass walls
comtacted the gWss.

The glass wall should be made as
refraction effects due to say thermal
neglected.

that would exist if the model

tldn as possible so that the
distortion of the glass may be

‘h order to allow thin g@ss windows to be used with a low pres-
sure in the channel it would probably be necessary to pr~de evacuated
chanbers on the outside of the channel. The evacuated chaaib=s would
have the additional advantage of reducing free convection cm the g~s~
test-section walls.

/

Lewis I?lightPropulsion Iaboratary,
National Advisory Committee for Aer-its,

Cleveland, Ohio, May 17, I-951.

.
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APPENDIX A

SYMBm

The followhg s@bols are used in this repd:

specific heat at constantTressure, Btu/(lb)(%)

specific heat at constant volume, 13tu/(lb)(OF)

LT
c~ . ~, ft

Rem
constsnt in the expression q = K ~ Y) ~ionless

Ds3.e-Gladstoneconstant, cu ft/slug

w, inside test section, ft

L - 28f, ft

Mach m.mber, Mmensionless

exponent in the expression T = K ~ y, dimensionless

exponent in the expression (y/5)l/N, tiensionless

index of refractim, dimensionless -

Erandtl number, dimensionless

static pressure, slugs/sq f%

universal gas constant, ft/% *+

10CS2 Reynolds nuuber

temperature ratio. #-,
8

dimensionless

interferogram fringe shift, dimensionless

distance along light path, ft

w

.

.

.

.

—..
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T

Tf

‘u

u

v

x

Y

z

P

P

f

P

T

Tt

a)

gas static temperature at point x, y, z in the boundary layer, ‘R

gas total temperature, OR

velocity

velocity

velocity

distance

layer,

distance

distance

exponent

absolute

of

of

of

gas at outer edge of the boundary layer, ft/sec

gas in x dire-ction,fi/sec

light at point x, y, z; ftjsec

along surface
ft

normal.to the

along span of

measured from

surface, ft

test section,

StW’t~ petit of boundary

ft
,

in the specific heat-temperaturerelation ~/~,, = (%)p

viscosity, slugs/(sec)(ft)

density, S@S/CU ft

thickness of glass wall, H

exponent in viscosity - t~erature relation, I& = (T/T#,

dimensionless

Subscripts:

a

f

i3

-L

o

s

t

—

apparent value

inside glass-wall

~ss sidewall

boun~-layer film

I—amimr boundary kyer

compensating chmiber conditions

condition at border of lamin& miblayer and turbulent region

turbulent boundary layer

———.-. .—. — .—.-—
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ratio of specific heats, 5 dimensionless
%’

thiclmess of thermal boundsry layer, ft

ratio of distance between glass and object @ane to distance
betweem the glass and test section centerline, dimensionless

ratio of distance between position two, figure 3, and object plane
to distance between position two and test section centerhe,
d72 - ~

~
dimensionless

$> &lmensionless

= Rem-y Y9 dimensionless

slope of ray path at point y, z; &tmensionless

wavelength of light used, ft

VaCuln.11

condition at

referring to
plane

border of b~ layer and free stream

optical path frmn inside of exit window to

position at which 13ght ray enters
tion

position at which light ray leaves
gation

the image

‘lnvestiga-

the boundary layer under investi-

.

.

H

r,

—
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DERIVATION OF EQUATIONS (1) THROUGH (8)

The equation

(Bl)

describes the trajectory of a Ught ray in a nonhomogeneous medium
(reference 7). By the following equation (lXl.)can be put
in a mdre useful form:

Substituticms,,

(for air)

then

-v=

an
z=

Y’ =

n=

%
n

o

tane=e

kp+l

When this equatian is inte$pated with the boundary cond3.tion z = O
when G = O @elds

e k~z
‘w

(B2)

(B3)

(B4)

—— ———— .—
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E the eqpations

r T.%

~=$

Rem
q=K ~Y

c =+“i

are mibstituted into eqpation (B4),

By inteqating equation (B6) between the limits

andq = q when ~ = ~ and by substituting

and

then

.

This equation
variables.

By letting Q

NACA TN 2462

(B6)

T=ql when C=O
.

(B7)

(B8)

(1)

represents the light-rsy

= ~, it iS found &t

trajectories in terms of the new

K (kpb) R# (L’/x) ~
e = (Lt~ “ [B9)

—

(’1

.—
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If the object plane is considered to be at a distance
C, L1

T from position 2 in the test secti~

Whine 6 is a negative single.

Substitution of the new variables yields

and

The relation generally used between index of refractim
fringe shift (ref6rence1) is

The optical-path difference between a lAght path through the
ticm and a corresponding light path through the compensating
(reference4) is

(B1O)

#

(Bli)

(2)

change and

(3)

test sec-
section

m =
af bf +

r

nds-t-ng@ +no(h+T)-tiobf -

1

()h-t-TnoLt - ngT - n —o cos e2
(B12)

By comb- equations (3) and (N-2),
of refraction

n=kp+l

by substituting for the index

(4)

.

-. —— —–. --————. —.— ——— .— - —
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and by soldng for Ikpa it is found tit

s2

~+ dz-L
1

.

where

:(+-:(-)A= TC-T+—

and where

J&=f0+6’%{(
when pmmrs of e equal to four or greater

If equation (B13) is solved for Pa/PI

14-

are

it

1.—

)+e2 dZ

neglected.

can be shown that

(B14)

(B15)

.

When the _@mpratme ratio r = T/T8 and the law of state

P = p/RrT5 ae intmodnced, it follows that

11

f

2.— %3+
2L kpb ‘1 e ‘+kp5rl L (B17)

The expression for ng can be put in the following tieful form
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.

and

(1 1-— )$8.;922
COB ez

and because n = 1.5
g

h=c:-~

it cau be shown that

622

%#=*Tq- (
J-%?%-;%%+++%%

)

Substituting no = lmd~= 3/2 it is found that

because

(m)

(B20)

(B21)

(B22)

(B23)

.

—. ..—.—.-.-—,-—— .— —-— — .— —— ——— .—.—
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By substitutingthe new variables into eqmtion (324), it eanbe
shown that

or

where

(6)

(5)

()Paq= -$.1 E2 022 (8)

1. Eckert, E. R. G., and Soehngen, E. E.: 6tmMes on Heat Transfer in
Iaminar Free Convection with the Zehnd~4ach Interferometer.
Tech. Rep. No. 5747, A.T.I. No. 44580, Air Materiel Conunand,
Dec. 27, 3.948.

2. I@enburg, R.: Further Inttiercmetric Studies of Boundary Iay=s
.

Along a Fld Flate. Contract No. 47, ONR 399, Task Order 1,
%lmer Physical Laboratory, Dec. 1.5,1949.

—.
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3.

4.

5.

6.

7.

charters,
Flow by

Alex C., Jr.: !lhnsition between Lsminar and
Transverse Contamination. NACA TN 891, 1943.

23 .

~bulent

Crocco, Luigi: The Laminai Boundary Iayer in Gases. Trans. No.
F-TS-5053-RE, A.T.I. No. 28323, CADO, Air Materiel Coman d.

&13Mman, L. E.: Heat Thnsmission in the Boundary Layer. NACA TM
1229, 1949.

Eckert, E. R. G.: lirtroductionto’the Transfer of Heat and Mass.
McGraw-~ Book Co., inc., 1950, pp. 73-76.

Burington, Richard Stevens, and ‘lorrance,Charles Chapman: Higher
Mathematics. McGraw-Hill Book Co., hc., IiewYork, 1939, p. 790.

.

, \
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[ AEmmQtions : ql determined dr/dq= 0.9(ti/d9)w for laminar

bO~ IS’yel?j VI ~ 0.01 for turbti~t bo_ h~rj ~

Y7 = 0.004 ti.3 madnnnn Re = 5X105j pressure = 26 ti. ~ ~cu~j

t&nperature = 70° l?;len.gth_ofcooled wall = channel length~
k =-0.1166 ft/slug; rf = 14

r
boundary
layer

Turbulent
boundary
layer

+

0.343 3.0
.628 1.2
.890 1.0

0.333 1.2
.5 1.2
.8 1.2

3

Mmi-
mum L
(in.)

1.7
3.1
6.8

1.1
1.6
2.9

4

velocity

&
210
540
630

530
530
530

Ya
=1

q

0.78
.79
..86

0.81
.78
.86

6

Pi-Pa

y

.O.12
0
0
1.12
.29
.03T

78

%4 ‘IL

3.3 21.9
2.5 4.5
1.2 1.8

-2.2 L2.8
.1 9.3
.5 4.9

0.13
.04
.02

-3.10
.47
.24

.

—— _.— —_ ——
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mgure 7 ●-- Effect Qf
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